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Abstract 

Coherent timing of agricultural expansion, fertilizer application, atmospheric nutrient 

deposition, and accelerated global warming is expected to promote synchronous fertilization of 

regional surface waters and coherent development of algal blooms and lake eutrophication.  

While broad-scale cyanobacterial expansion is evident in global meta-analyses, little is known of 

whether lakes in discrete catchments within a common lake district also exhibit coherent water 

quality degradation through anthropogenic forcing.  Consequently, the primary goal of this study 

was to determine whether agricultural development since ca. 1900, accelerated use of fertilizer 

since 1960, atmospheric deposition of reactive N, or regional climate warming has resulted in 

coherent patterns of eutrophication of surface waters in southern Alberta, Canada.  

Unexpectedly, analysis of sedimentary pigments as an index of changes in total algal abundance 

since ca. 1850 revealed that while total algal abundance (as β-carotene, pheophytin a) increased 

in nine of 10 lakes over 150 years, the onset of eutrophication varied by a century and was 

asynchronous across basins.  Similarly, analysis of temporal sequences with least squares 

regression revealed that the relative abundance of cyanobacteria (echinenone) either decreased or 

did not change significantly in eight of the lakes since ca. 1850, whereas purple sulphur bacteria 

(as okenone) increased significantly in seven study sites.  These patterns are consistent with the 
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catchment filter hypothesis which posits that lakes exhibit unique responses to common forcing 

associated with the influx of mass as water, nutrients, or particles.  

 

Introduction 

Human population growth, coupled with increased industrial activity, has had an 

unprecedented influence on the world’s ecosystems since the industrial revolution and, 

especially, since the Second World War (1945) (Crutzen 2002).  A three-fold increase in global 

human population in the last half of the 20th century (UN 2011), combined with an exponential 

increase in industrial activity since ca. 1945 (CO2 emissions, water use, fertilizer production and 

consumption, etc.), have fundamentally altered biogeochemical cycles during a period 

sometimes called the Great Acceleration (Steffen et al. 2007).  Intensified industrial 

development has led to serious environmental challenges including climate change, biodiversity 

loss and water quality degradation (Rockström et al. 2009).  

Meeting the global demand for food has required near-exponential increases in the 

application of fertilizers, often degrading ecosystems adjacent to agricultural lands (Steffen et al. 

2007, Foley et al. 2011, Townsend and Porder 2012).  The UN Food and Agriculture 

Organization estimates that global fertilizer consumption quadrupled from 31×106 tonnes in 

1961 to 141×106 tonnes in 2002, while total meat production increased four-fold between 1961 

and 2010 (UN FAOStat 2012).  Fertilizer application and livestock production are major 

contributors to nutrient enrichment of regional surface waters in agricultural regions (e.g. 

Carpenter et al. 1998, Arbuckle and Downing 2001, Bunting et al. 2007), consequently, coherent 

agricultural development associated with the Great Acceleration is hypothesized to cause 

synchronous increases in nutrient transfer to surface waters (MacDonald et al. 2012).  Evidence 
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of enhanced nutrient transfer and lake eutrophication since onset of the Great Acceleration has 

been recorded in Europe (Keatley et al. 2011) and some regions of North America (Patoine and 

Leavitt 2006, Taranu et al. 2015), but little is known of whether eutrophication exhibits coherent 

timing in other lake districts. 

Spatially-coherent changes in physical, chemical and biological characteristics of lakes 

have been recorded in Europe and North America (Kratz et al. 1998, George et al. 2000, 

Magnuson and Kratz 2000).  In general, synchrony appears to be greatest for physical parameters 

(e.g. ice–off, water temperature, mixing) whose features are regulated by the influx of energy (E) 

as atmospheric heat or irradiance (Pham et al. 2008, Dröscher et al. 2009, Leavitt et al. 2009), 

while temporal coherence is usually lower for biological variables such as primary producers 

whose abundance is controlled, in part, by the input of mass (m; as water, solutes, particles) 

(Kratz et al. 1998, Vogt et al. 2011).  As pointed out by Bleckner (2005), lakes and their 

catchments can act as filters to modify the effects of climate and land use on a site-specific basis.  

However, despite this conceptual expectation, limnological (George et al. 2000) and 

paleoecological (Patoine and Leavitt 2006, Moorehouse et al. 2014) studies suggest that 

widespread agricultural development can lead to synchronous patterns of lake eutrophication, at 

least within nested catchments where multiple lakes occur within a single broad drainage basin.  

However, to date, little is known of whether lakes in discrete catchments within a common lake 

district in fact do exhibit coherent water quality degradation in response to climate or land-use 

practises. 

The Prairies of western Canada may be particularly sensitive to coherent changes in land 

use and climate that would degrade water quality in a temporally coherent manner (Patoine and 

Leavitt 2006).  For example, the area of seeded cropland in Alberta has steadily increased from 
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approximately 0.4 to ten million hectares since ca. 1900, while cattle raised numbers from 

approximately 1 million in 1931 to over 6.7 million in the 21st century (Statistics Canada 1966 – 

2006).  Similarly, regional application of fertilizer has increased two- (phosphorus) to 4.8-fold 

(nitrogen) since the early 1960s (Statistics Canada 1966-2006), while deposition of reactive N 

from the atmosphere (Galloway and Cowling 2002, Elser 2011) has been recorded in lakes 

throughout the Northern hemisphere starting ca. 1895 and accelerating ca. 1950 (Holtgrieve et al. 

2011, Wolfe et al. 2013).  Such nutrient enrichment degrades surface water quality through 

diverse mechanisms including increased algal abundance (Dillon and Rigler 1974, Schindler 

1977, Smith 1983, Hecky and Kilham 1988), development of deepwater anoxia (Scheffer 1998) 

and elevated densities of potentially toxic cyanobacteria (Smith 1983, Tilman et al. 1986, 

Scheffer et al. 1997).  In general, degradation of surface waters occurs due to initial application 

of phosphorus (P) on farms; however, increasing evidence suggests that lakes of central North 

America are also sensitive to nitrogen (N) enrichment (Campbell and Prepas 1986, Marino et al. 

1990, Salm et al. 2009).  In particular, additional N from farms and urban centres favours growth 

of cyanobacteria in P-rich lakes within agricultural regions (Leavitt et al. 2006, Finlay et al. 

2010, Donald et al. 2013, Adams et al. 2014).  Not surprisingly, southern Alberta lakes exhibit 

some of the highest levels of cyanobacterial toxins in Canada (Orhiel et al. 2012), although it is 

not known whether cyanobacterial development was temporally coherent (c.f., Keatley et al. 

2011). 

 The primary goal of this study was to determine whether the onset of eutrophication was 

synchronous within the southern Alberta prairie lake district, as expected if lakes are affected by 

regional atmospheric N deposition (ca. 1895) (Holtgrieve et al. 2012, Wolfe et al. 2013), 

exponential increase in fertilizer application due to the Great Acceleration since ca. 1945, 
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(Keatley et al. 2011, Patoine et al. 2006) or atmospheric warming (Magnuson et al. 2000, Vogt 

et al. 2011).  We analyzed historical changes in concentrations of fossil pigments characteristic 

of total algal abundance, cyanobacteria, and obligately-anaerobic phototrophic bacteria (Leavitt 

et al. 1989) in 10 lakes to quantify timing and onset of eutrophication, changes in abundance of 

potentially toxic phytoplankton and development of water-column or sedimentary anoxia, 

respectively.  Fossil pigments are well preserved in sediments of lakes of the Northern Great 

Plains for 1000s of years and have been used previously to quantify changes in total algal 

abundance, community composition, and synchrony in past production (Patoine and Leavitt 

2006). 

 

Materials and Methods 

Study area 

Sediment cores were collected from 10 shallow lakes located within 50 km of the town of 

Strathmore, Alberta, in the mixed-grass ecoregion of the Northern Great Plains of southern 

Canada (Fig. 1).  The region is dominated by dark brown or black Chernozemic soil, was grazed 

historically by bison (Bison bison bison) and, since European settlement in the mid-late 19th 

century, has been primarily used for agriculture (Strong 1992).  Wheat, barley and canola have 

been the main crops for over 50 years (Statistics Canada 1966-2006), while concomitant 

livestock operations include cattle ranching and pork production (Supporting Information 1).  

Surface water in the study region is classified as “at risk” due to intensive agricultural production 

(Alberta Agriculture and Rural Development 2005).  

All study lakes are small (< 32 ha, mean = 10 ha), shallow (depth ≤ 2.1 m, mean = 1.3 

m), polymictic, and have been present continuously since the 19th century (Fig. 1, Table 1).  All 
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basins lack surface inflow or discharge, instead relying on rain, snowmelt and groundwater for 

hydrologic influx, and evaporation for water renewal.  Groundwater fluxes are unquantified but 

assumed to be important given that the shallow basins did not desiccate during the arid 1930s 

and that stable isotope analysis of over 70 Canadian prairie lakes suggests that all basins are 

sustained by snowmelt-derived groundwater (Pham et al. 2009). 

Present day conditions are represented by sampling completed in August, 2007 (Table 1). 

Despite high total phosphorus and total nitrogen concentrations in the study lakes, Chlorophyll a 

(chl a) concentrations in four of the ten lakes indicated oligotrophic or mestrophic (<8 μg L-1) 

conditions.  Cyanobacteria dominated algal communities in five of the lakes and macrophytes 

were present in seven of the lakes.  Interestingly, several lakes with the highest chl a 

concentrations in 2007 also had abundant macrophyte cover (Hilton Long, Hilton East and 

Hilton West) and macrophyte absence was not always associated with high turbidity (F3).  While 

there is no strong evidence of historical regime shifts in individual lakes from paleolimnological 

techniques, many of the study lakes are part of a long-term research program designed to identify 

regime shifts (Jackson, 2003).     

 

 
Sediment cores 

A sediment core was removed from the centre of each lake using a 6-cm diameter Glew 

gravity corer.  As in other polymictic prairie lakes (Patoine et al., 2006), Alberta basins are 

morphometrically simple and flat, consequently a central core was considered sufficient to 

characterize historical changes in production of the entire lake (Leavitt et al. 2006).  In addition, 

this assumption was verified by comparison of historical changes in carbon (C) content among 

three cores collected from each of two study lakes (Hilton Long, Mushroom).   
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Cores were collected during the summers of 2005 (Hilton Long, Hilton West, Hilton 

East, Barnett and Mushroom), 2007 (Bland, Brushy and Blackbird) and 2008 (Fresnell and F3).  

Cores were sealed immediately, wrapped in black plastic to minimize pigment degradation, and 

sectioned into 0.5-cm intervals in the laboratory under low light within 24 hours of collection.  

Sediments were sub-sampled for pigment analysis at 0.5 to 1 cm from the top of each core then 

at regularly spaced intervals with 1 cm spacing between samples (i.e.  2 to 2.5 cm, 3.5 to 4 cm, 5 

to 5.5 cm  etc.) throughout the length of each sediment core.  Following core sectioning, 

sediments were weighed and frozen in small black plastic film canisters prior to analysis of fossil 

pigments.  

Sedimentary pigments were used to reconstruct historical changes in algal and bacterial 

abundance following the standard methods of Leavitt and Findlay (1994) and Leavitt and 

Hodgson (2001).  Briefly, lipid-soluble pigments were extracted from the bulk sediments by 

soaking freeze-dried sediments in a mixture of acetone : methanol : water (80 : 15 : 5, by 

volume) for 24 h in darkness and under an inert N2 atmosphere at 4°C.  Carotenoid, chlorophyll 

and pigment-derivative concentrations were quantified by reversed-phase high performance 

liquid chromatography (RP-HPLC) using an Aligent 1100 HPLC system equipped with a C-18 

column (5 μm particle size; 10 cm length) and an Agilent model 1100 photodiode array 

spectrophotometer (435 nm detection wavelength).  An internal reference (3.2 mg L-1) of Sudan 

II (Sigma Chemical Corp., St. Louis, MO) was injected in each sample.  Pigments isolated from 

sediments were compared to those from unialgal cultures and authentic standards obtained from 

US Environmental Protection Agency and other suppliers (Leavitt and Hodgson 2001).  Pigment 

identity was based mainly on spectral characteristics and chromatographic mobility of pigments 

from all sources.   
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Pigment analysis was restricted to taxonomically-diagnostic carotenoids characteristic of 

the following algal groups; diatoms, chrysophytes and some dinoflagellates (fucoxanthin), 

mainly diatoms (diatoxanthin), cryptophytes (alloxanthin), chlorophytes (pheophytin b), 

chlorophytes and cyanobacteria (lutein-zeaxanthin), filamentous or colonial cyanobacteria 

(myxoxanthophyll), Nostocales cyanobacteria (canthaxanthin), all cyanobacteria (echinenone), 

purple sulfur bacteria (okenone), and the major a, b, and c-phorbins (chlorophyll (Chl) and Chl 

derivatives), although not all compounds were detected in every sample.  Pigment concentrations 

were expressed as nmol pigment g-1 sediment dry mass.  Historical changes in the total biomass 

of primary producers were estimated from concentrations of β-carotene and pheophytin a, 

whereas change in total abundance of bloom-forming cyanobacteria were evaluated using 

echinenone.  Echinenone was the only ubiquitous cyanobacteria pigment in the lakes and was 

used as a metric of water quality change in place of other, less widely distributed cyanobacteria 

pigments (myxoxanthophyll, aphanizophyll).  Okenone was interpreted as an indicator of 

sedimentary anoxia, as purple sulphur phototrophic bacteria are obligate anaerobes that require 

both light and hydrogen sulfide for photosynthesis (Leavitt et al. 1989).  Concentrations of 

echinenone and okenone were expressed as percent (%) relative to the sum of all unambiguously 

identified sedimentary pigments to evaluate whether bloom formation and deepwater anoxia 

varied disproportionately during the eutrophication sequence.   

Stable isotope ratios of nitrogen (as δ15N values) were used to assess historical change in 

the source of N to the study lakes (Leavitt et al. 2006, Bunting et al. 2007, Botrel et al., 2014).  

The stable isotope composition of sediments were analyzed from freeze-dried samples using a 

Thermoquest (Finnigan MAT) DeltaPlus XL stable isotope ratio mass spectrometer equipped 

with a continuous flow (ConFlo II) interface and a Carlo Erba NC-1500 elemental analyzer at the 
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Isotope Science Laboratory, University of Calgary, Calgary, Alberta, Canada.  Whole dry 

sediments were analyzed directly without treatment with HCl to remove inorganic carbon.  

Samples of 2-10 mg dry mass were packed into tin capsules and introduced into the NC-1500 

elemental analyzer.  Nitrogen components of sediments were oxidized completely at 1000°C in a 

furnace to convert organic constituents into simple nitrogen-based gases.  Elemental ratios were 

estimated as mass N relative to dry mass of sediment combusted.  Stable isotope ratios were 

calculated relative to atmospheric nitrogen gas for N isotopes (δ15N).  Stable isotopic 

composition was expressed as δ notation where δ = (Rsample/ Rstandard -1) × 1000, Rsample represents 

15N/14N in the sample, and the Rstandard is the corresponding isotope ratio from a standard.  The 

precision of repeated measurements of a laboratory reference was 0.3‰ or better. 

Core chronologies were established by analysis of 210Pb activities using alpha-

spectrophotometry and application of constant rate of supply (CRS; Appleby and Oldfield 1978) 

calculations by Flett Research Ltd. (Winnipeg, Manitoba, Canada).  Prior to analysis, all 

sediment cores were freeze-dried (48-72 h at 0.1 Pa) and homogenized by hand.  Over 10 

intervals were analyzed for each core (max 19), although not all values were above background.  

Age estimates for sediments deeper than the limit of 210Pb dating were approximated by 

extrapolation of linear age-accumulation relations observed in the early 20th century.  

 

Numerical analysis  

Magnitude of eutrophication - Ordinary least-squares regression was used to determine 

whether total plant and algal abundance (as β-carotene and pheophytin a) has increased since 

1850.  First, least-squares regression of either raw or ln-transformed pigment concentrations was 

used to determine where there was a significant increasing trend in total algal abundance since 
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ca.1850.  Second, temporal sequences were split at 1945, a prospective marker for the start of the 

Great Acceleration (Keatley et al. 2011), and mean β-carotene and pheophytin a concentrations 

were compared using a Welch’s approximate t-test before and after 1945 to determine whether 

plant and algal abundance was significantly greater after the onset of the Great Acceleration.  

Finally, least-squares regressions of changes in δ15N over time were calculated for eight of the 

lakes; no isotope data were available for Barnett or Hilton East lakes.   

 

Timing of eutrophication - Linear, polynomial, exponential and segmented regression 

models were fit to temporal sequence data to evaluate whether there was punctuated onset of 

accelerated eutrophication in each lake.  Preliminary analysis (not shown) demonstrated that 

segmented regression provided the best fit of both raw or ln-transformed pigment data in all but 

one lake (second best in Hilton West) when evaluated by coefficient of determination and visual 

inspection of residuals.  Therefore, segmented regression was also used to identify the timing of 

the most prominent increase in concentrations of ubiquitous chemically-stable pigments (β-

carotene, pheophytin a) during the past ~150 years.  Segmented regression was used to estimate 

timing of break-points within each temporal sequence through iterative fitting of the segments 

using maximum likelihood estimation.  Analyses were computed using the Segmented package 

(Muggeo 2001) in the R language and software environment (Version 2.10; R Development Core 

Team 2010).  A Davies test (Davies 1987, Muggeo 2001) was used to test whether slopes of 

individual segments within each regression were significantly different from each other to 

determine whether the breakpoints represent accelerated increases in abundance.  
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 Changes in microbial community - Historical changes in the relative abundance of total 

cyanobacteria (% of total fossil pigments as chemically-stable echinenone) were estimated to 

determine whether eutrophication led to disproportionate development of potentially harmful 

populations of phytoplankton as has been suggested elsewhere (e.g., Watson et al. 1997, Smith et 

al. 1999, Dokulil and Teubner 2000).  Similarly, the relative abundance of purple sulfur bacteria 

(% total pigments as stable okenone) was quantified to determine how increases in total 

phytoplankton abundance may have favoured deepwater anoxia.  Okenone is a carotenoid 

pigment specific to the Chromatiaceae, a group of phototrophic bacteria that are obligate 

anaerobes killed by exposure to oxygen (Overmann et al. 1993, Leavitt et al. 1989).  Although 

the water column of these polymictic lakes is expected to remain oxic even during extreme algal 

blooms, the sediment-water interface of shallow productive lakes frequently becomes anoxic due 

to heterotrophic decomposition of organic matter (Meding and Jackson 2001).  Least squares 

regression was used to determine whether relative abundances of cyanobacteria (echinenone) and 

purple sulphur bacteria (okenone) changed in each lake since 1850.  

 

Results 

Magnitude of eutrophication 

Chemically-stable indices of the total abundance of primary producers (β-carotene, 

pheophytin a) generally increased during the past 150 years at all sites except Brushy Lake (Fig. 

2).   In particular, concentrations of β-carotene increased significantly since ca. 1850 for 9 of the 

10 lakes (Fig. 2), whereas mean concentrations of β-carotene (t = 5.7, df = 15, p < 0.0001) and 

pheophytin a (t = 2.1, df = 9, p = 0.032) were greater after ca. 1945 than before that date.  In 

contrast, nitrogen isotope ratios declined significantly after ca. 1850 in five of eight lakes with 
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nitrogen isotope data (p < 0.06, Table 2).  There were no significant changes in δ15N in the three 

other basins.  

 

Timing of eutrophication   

Visual inspection of temporal sequences suggested that timing of the onset of pigment 

increase varied across lakes, from as early as the 1870s at Hilton West and Barnett lakes to the 

1970s for Hilton East and Fresnell basins.  Similarly, analysis of pigment temporal sequences 

using a segmented regression approach identified thresholds of change (break-points) in total 

primary producer abundance in most lakes, and demonstrated that timing of the onset of 

increased algal abundance varied across lakes and between pigments within the same lake (Table 

3).  Across the eight lakes with significant breakpoints for β-carotene, the mean change point 

was 1931 (range 1875 - 1975), while that for pheophytin a (six lakes) was an average of ~20 

years later (1953, range 1912 - 1995) (Table 3, Fig. 2).  In contrast, no significant breakpoints 

were recorded for Hilton West.  Similarly, the slopes of pigment temporal sequences during 

intervals before and after 1945 were not significantly different (p > 0.12) in Brushy (β-carotene), 

F3 (pheophytin a) and Bland lakes (pheophytin a). 

 

Changes in microbial assemblages 

Least squares regression revealed that the relative abundance of cyanobacteria (as 

echinenone) either decreased or did not change significantly in eight of the lakes since ca. 1850 

(Table 2, Fig. 3), with statistically significant increases in the relative concentration of 

echinenone only in Brushy and F3 lakes.  In contrast, the relative abundance of purple sulphur 

bacteria (as okenone) increased significantly in seven of the study lakes since 1850 (Table 2).  
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The rise in sulfur bacteria was gradual in some lakes (Bland, Fresnell, F3, Barnett, Brushy) and 

abrupt in others (Hilton Long, Hilton East, Mushroom), but was not recorded in Hilton West or 

Blackbird lakes (Table 2, Fig. 3).   

 

Discussion 

 The goal of this study was to determine whether sustained increases in agricultural 

production since the turn of the 20th century (Statistics Canada 1966-2006), increased 

consumption of fertilizer in southern Alberta at least since 1960 (Statistics Canada 1966-2006), 

regional warming (Barrow and Yu 2005, Schindler 2009), and increases in the deposition of 

atmospheric N (Holtgrieve et al. 2011, Wolfe et al. 2013) caused coherent changes in regional 

water quality.  Unexpectedly, while marked increases in phytoplankton abundance (as β-

carotene, pheophyin a) were recorded during the past ~150 years in nine of 10 study lakes, the 

onset of eutrophication varied by nearly a century leading to asynchrony in reductions of water 

quality across basins.  Similarly, there were few common pathways by which total phytoplankton 

abundance increased as noted by the absence of similar trajectories of change in inferred N 

influx, cyanobacterial bloom abundance, and development of deepwater anoxia.  These findings 

are in marked contrast to evidence of temporally-coherent change in lakes within nested 

catchments in Europe (George et al. 2000) and central Canada (Patoine and Leavitt 2006), as 

well as the expectation for a general synchronizing effect of the Great Acceleration on algal 

production (Keatley et al. 2011, Taranu et al. 2015).  Instead, asynchronous water quality change 

is consistent with the hypothesis of Bleckner (2005) that lake catchments act as unique filters of 

environmental change, particularly in instances where environmental forcing is associated 
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mainly with the inputs of matter rather than energy (Pham et al. 2009, Leavitt et al. 2009, Vogt 

et al. 2011).  

 

Primary producer abundance 

Increased concentrations of ubiquitous and chemically-stable biomarkers of algae and 

other primary producers (pheophytin a, β-carotene) are consistent with regional increases in lake 

production due to fertilization (Carpenter et al. 1998, Schindler 2006, McGowan et al. 2012).  

However, while overall patterns are consistent with eutrophication (Table 2), variation in the 

onset of increased algal abundance of over a century (Fig. 2) and variation among sites in the 

proportion of bloom-forming taxa and occurrence of deepwater anoxia (Fig. 3) illustrate the 

absence of a common mechanism of change.  Coherent regional eutrophication in other lake 

districts has been attributed variously to nutrient enrichment due to agriculture and fertilizer 

application (George et al. 2000, Patoine and Leavitt 2006, Reavie et al. 1995, Bunting et al. 

2007), increased atmospheric deposition (Holtgrieve et al. 2011; Wolfe et al. 2013) and changes 

in climate (Adrian et al. 2009, Schindler 2009).  In addition to diffuse nutrient sources, point 

sources can also contribute to coherent eutrophication within connected systems, such as lake 

chains (e.g., Leavitt et al. 2006) but point sources were not considered here because they are 

absent from these isolated lakes.  

 

Initial conversion of native grasslands to grain agriculture is associated with increased 

erosion, modest increases in nutrients and enhanced influx of suspended particles, particularly 

when terrestrial ecosystems are persistently disturbed by soil tillage (Hall et al. 1999, Holland 

2004, Leavitt et al. 2009,).  In response to these changes, regional lakes can exhibit coherent 
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increases in the rates of planktonic species turnover but not necessarily concomitant rises in total 

production (Kitchell and Sanford 1992, Hall et al., 1999, Bunting et al. 2007).  For example, 

elevated concentrations of silica in snowmelt runoff may stimulate diatoms during spring mixis, 

but changes in physical turbidity associated with erosion can offset elevated supply of major 

nutrients (N, P) (e.g., Hall et al. 1999).  In addition, minor variations in catchment topography 

and vegetation can alter nutrient flux through otherwise similar drainage basins subject to 

common land management practises leading to variation in timing of downstream lake 

fertilization and algal response (Pennock 2003).  Thus while regional development of agriculture 

significantly increased algal production since ca. 1850 in nine of 10 lakes (Fig. 2), individual 

catchments may act as ‘filters’ (sensu Bleckner 2005) that modify how environmental forcing of 

terrestrial environment is conveyed to aquatic ecosystems, and may reduce coherence of algal 

change among lakes (reviewed in Leavitt et al. 2009).  

Fertilizer application to Alberta soils increased two- (P) to 4.8-fold (N) (Statistics Canada 

1966-2006) following commercialization of N-based fertilizers in the early 1960s (Glibert et al. 

2014) and a doubling in regional livestock husbandry (mainly cattle and hogs) over the same 

period (S1).  Together, these factors were expected to cause coherent acceleration in algal 

population expansion at the landscape scale as seen elsewhere in the northern hemisphere 

(Keatley et al. 2011, Taranu et al. 2015).  Instead, accelerated growth of algal populations was 

largely asynchronous across lakes (Table 2), even for sites located within adjacent sub-basins 

(e.g., Hilton Long, Hilton East, Hilton West lakes).  This lack of coherence occurred despite the 

observation that sedimentary δ15N values declined in seven of eight analyzed lakes, a pattern 

which suggests a substantial change in the source or influx of nitrogenous compounds (Botrel et 

al. 2014).  Interestingly, declines in δ15N values during the 20th century are contrary to 
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expectations that fertilization of regional agricultural soils should enrich δ15N values in runoff 

and downstream lakes (Anderson and Cabana 2005, Bunting et al. 2007, Pham et al. 2008, 

Bunting et al. 2012).  Such excessive application of N favours both denitrification and ammonia 

volatilization, processes that greatly enrich the residual N in soil stores and lotic runoff (Högberg 

1997, Vander Zanden et al. 2005).   

Depleted N isotope ratios may arise because of increased influx of N from the 

atmosphere, either as deposition of reactive N from anthropogenic sources (Holtgrieve et al. 

2011, Wolfe et al. 2014) or greatly elevated rates of N fixation by cyanobacteria (reviewed in 

Patoine et al. 2006).  Without comprehensive N budgets, we cannot easily distinguish among 

these possibilities, although we note that reactive N deposition is <1% of total N influx in other 

prairie (Patoine et al. 2006) and Rocky Mountain lakes (Wolfe et al. 2001, but see Wolfe et al. 

2014).  Similarly, the lack of coherent change in potentially diazotrophic cyanobacteria (Fig. 3, 

Table 2) and phototrophic bacteria (Lindstrom et al. 1950) in these lakes argues against the 

importance of atmospherically-derived N as a mechanism producing consistent declines in δ15N 

values (7 of 8 sites) during the 20th century (Fig. 2).  We accept that biological nitrogen fixation 

is likely an important part of the overall N budget of our study lakes (see also Brenner et al. 

1999, Leavitt et al. 2006), yet we also think that whole-catchment mass-balance budgets may be 

needed to resolve the mechanism underling historical changes in δ15N (Botrel et al. 2014).   

In principle, climate change can contribute to lake eutrophication through increased water 

temperature and changes in precipitation regimes (Murdoch et al. 2000, Adrian et al. 2009).  

Minimum surface air temperature in Alberta increased by 1.3 o C to 2.1o C (Shen et al. 2005) (S1) 

resulting in increased water temperatures (DeStasio et al. 1996) and elevated algal growth rates 

(Eppley 1972, Adrian et al., 2009), increased internal phosphorus loading in shallow lakes 
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(Jensen and Andersen 1992), and a higher proportion of cyanobacteria in the phytoplankton 

community (Elliot et al. 2012, Paerl et al. 2011, Pätynen et al. 2014).  However, contrary to 

expectations, cyanobacterial abundance only increased disproportionately in two of 10 study 

lakes, suggesting that there was no single response of biota to common thermal forcing (see 

below). Instead, it appears that anoxia developed in eight lakes during the 20th century, possibly 

reflecting an increase in internal nutrient loading which stimulated overall increases in algal 

abundance. 

 

Asynchronous onset of eutrophication 

General trends seen in other lake regions suggest that surface water eutrophication should 

occur concomitant with the industrial revolution (e.g. McGowan et al. 2012, Taranu et al., 2015) 

or the Great Acceleration of the mid 20th century (Smil 1997, Steffen et al.2007, Keatley et al. 

2011) due to coordinating effects of these anthropogenic events on nutrient and water fluxes.  

Instead this study suggests that even global forcing functions may be expressed in a more 

heterogeneous pattern at the regional scale, particularly in ecosystems with little physical linkage 

among basins (e.g., surface or groundwater).  This finding may be especially relevant in the 

context of prairie surface waters in which minor variation in topography can create distinct 

catchments and drainage characteristics over small geographic areas (Pennock et al. 1994).   

 

Recent theoretical and empirical studies suggest that low temporal coherence of 

parameters among lakes may be a signature of differences in the influx of matter to lakes from 

their catchments (Bleckner 2005, Pham et al., 2009, Leavitt et al. 2009, Vogt et al. 2011).  At the 

scale of lake districts, inputs of energy (E; as temperature, irradiance) are often spatially coherent 
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and lead to synchronous variation in physical parameters such as ice cover, water temperature, 

and thermal stratification regime (e.g., Dröscher et al. 2009, Vogt et al. 2011).  In contrast, 

precipitation is often patchy even in small regions (Pham et al. 2009) and this variation is 

amplified among lakes because of lake-specific differences in drainage area: lake area ratios 

(Bleckner 2005, Leavitt et al. 2009).  In general, mass balance budgets reveal that most solutes in 

temperate lakes are derived from allochthonous sources, consequently, variation in precipitation, 

lotic inflow and groundwater influx can reduce coherence of ecosystem parameters affected by 

hydrological processes (Leavitt et al. 2009).  Because algal and cyanobacterial production is 

particularly dependent on changes in nutrient influx (Taranu et al. 2015), these biological 

parameters tend to exhibit little temporal coherence among lakes (Pham et al. 2008, Vogt et al. 

2011). 

 

Degradation of water quality 

 Eutrophication is frequently associated with increased relative abundance of 

cyanobacteria within phytoplankton communities in modern (Watson et al. 1997, Downing et al. 

2001, Smith et al. 2006, Schindler 2008) and paleoecological studies (Patoine and Leavitt 2006, 

McGowan et al. 2012, Taranu et al. 2015).  When nitrogen limits algal abundance, nitrogen-

fixing cyanobacteria may be expected (e.g. Smith 2003, Schindler et al. 2008), whereas non-

heterocystous taxa often predominate in P-rich lakes subject to additional fertilization with N 

(Finlay et al. 2010, Donald et al. 2013).  In both cases, genera also exhibit luxury phosphorus 

storage which favours prolonged episodes of high biomass blooms (O’Neil et al. 2012).  

However, despite these expectations, increases in algal abundance in the study region were 
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associated with higher relative increase of cyanobacteria (as echinenone) in only two lakes of 10 

lakes.   

 We speculate that differences between global and regional findings may be related to the 

shallow depth of the study lakes for two principal reasons.  First, shallow lakes in Alberta are 

known to undergo irregular and asynchronous state changes between macrophyte- and 

phytoplankton-rich states (Bailey et al. 2002; Jackson 2003, Jackson et al. 2007).  These shifts 

are known to influence the habitat (planktonic, benthic) and taxonomic composition of primary 

producer communities (McGowan et al. 2005, Vadeboncoeur et al., 2008).  Second, 

experimental and survey studies suggest that the degree of illumination of benthic environments 

may be a critical secondary control of the composition of phytoplankton in shallow lakes 

experiencing fertilization.  In particular, algal communities in some shallow hypereutrophic lakes 

can develop dense blooms of fast-growing meroplanktonic chlorophytes when light allows these 

taxa to colonize from sedimentary habitats (Jensen et al. 1994, Levine and Schindler 1999).  In 

contrast, fertilization of optically-deep systems (light penetration << water column depth) 

usually results in surface populations of colonial cyanobacteria (Carpenter et al. 1998)  

Increased primary production and organic matter sedimentation may have combined with 

elevated temperatures to favour development of deepwater anoxia in southern Alberta lakes.  

Because purple sulphur bacteria use sulfides for photosynthetic electron transport (Jørgensen and 

Postgate 1982) and are killed by the presence of oxygen, they are restricted to a narrow range of 

habitats in which light penetrates to anoxic environments.  In shallow polymictic lakes these 

conditions usually occur within the upper sediments (Jørgensen and Postgate 1982), 

consequently, the increased relative abundance of the sulfur bacteria biomarker, okenone (Fig. 

3), likely reflects development of deepwater anoxia, such as seen in meromictic lakes (Leavitt et 
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al. 1989).  We infer that the significant rise in okenone concentrations represents changes in 

summer conditions, as while these lakes are frequently anoxic under ice (Meding and Jackson 

2003), severe light limitation and low temperatures would likely constrain development of purple 

sulphur bacteria blooms (Jörg Overmann, pers.comm.).  Instead, these phototrophs exhibit high 

light use efficiency (Jørgensen and Des Marais 1986 Casamayor et al. 2008) and are therefore 

well adapted to exist in eutrophic lakes with high phytoplankton densities and shaded benthic 

environments.  

Finally, development of deepwater anoxia has potential to restructure lake communities.  

In particular, macrophyte communities may change to include more species that are tolerant of 

sediment anoxia (Lemoine et al. 2012) or, in extreme circumstances, may be completely 

eliminated (Jackson et al. 2007).  Invertebrate abundance and community composition may also 

be radically altered (Kolar and Rehel 1993, Lampert and Sommer 2007) leading to changes in 

bioturbation and excretion of nitrogen and phosphorus into the water column (Devine and Vanni 

2002, Scheffer 1998).  

  

 Consistent with expectations based in continental patterns of agricultural and global 

warming, this study recorded clear evidence of widespread water quality degradation associated 

with eutrophication of lakes of southern Alberta since 1850.  However, in contrast to global 

trends, onset of eutrophication was asynchronous across the lakes in this central Canadian 

region, suggesting that there is no single mechanism underlying regional water quality loss.  

Surprisingly, eutrophication was not strongly associated with relative increases in cyanobacterial 

abundance, as suggested elsewhere. Rather, lakes exhibited evidence of degradation of the 
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benthic habitats which may influence lake community structure and exacerbate eutrophication in 

the future. 
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Table 1. Location and selected chemical and biological characteristics of study lakes (August, 

2007).  

Lake Location 
Surface 

Area 
(ha) 

Zmax 
(m) 

Turbidity 
(NTU) 

TP 
(μg L-

1) 

TN 
(μg L-

1) 

Chla 
(μg 
L-1) 

Dominant 
Algae  

Oxygen 
Concentration 

at Depth  
(mg L-1) 

Macrophytes 

Hilton 
Long 

51˚03’: 
113˚11’ 

 9.5 1.6  53.6    234  3,396  97.8 Cyanophyta 6.38 Present 

Barnett 
51˚04’: 
113˚14’ 

27.7 2.1   1.1     16  1,378   1.1 Cryptophyta 4.26 
Present 

Mushroom 
51˚06’: 
113˚24’ 

11.7 1.3   4.1     69  2,263   4.7 Chlorophyta 5.31 
Present 

F3 
51˚01’: 
113˚02’ 

 0.5 1.1   4.5    606  6,443   1.5 Cyanophyta 8.83 Absent 

Blackbird 
50˚11’: 
112˚47’ 

 3.6 0.4  18.7 1,641  5,757   6.5 Chrysophyta 7.02 
Present 

Bland 
51˚15’: 
113˚21’ 

 9.2 1.2  20.6 1,152  2,094  44.1 Chlorophyta 5.23 
Present 

Fresnell  
51˚01’: 
113˚02’ 

 2.1 1.0  66.0 3,890 11,430  17.7 Picoplankton 3.95 Absent 

Hilton East 
51˚03’: 
113˚11’ 

 3.5 1.4  34.8   244  1,819  65.9 Cyanophyta 3.49 Present 

Hilton 
West 

51˚03’: 
113˚11’ 

 3.6 1.8  40.6   270  2,080  96.3 Cyanophyta 6.09 Present 

Brushy 
51˚14’: 
113˚24’ 

31.4 0.7 135.0 10,217 26,420 246.5 Cyanophyta 5.03 Absent 

 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Table 2. Results of linear regression estimates to determine whether nitrogen isotope 

ratios and relative abundance of purple sulfur bacteria (okenone) and cyanobacteria 

(echinenone) changed significantly since 1850. 

 

Lake 
δ15N 

Accessory Pigment 

Relative Okenone Relative Echinenone 

Slope Estimate p-value Slope Estimate p-value Slope Estimate p-value 

Hilton Long -0.00726 0.06 0.0359* < 0.01 0.00261 0.36 

Barnett - - 0.0121* < 0.001 -0.0134* < 0.001 

F3 -0.0201* < 0.001 0.0258* < 0.01 0.00807* 0.02 

Mushroom -0.0205* < 0.01 0.0404* < 0.001 -0.0237* < 0.001 

Blackbird -0.00111 0.90 - - -0.0137* < 0.001 

Bland -0.0218* < 0.001 0.00412 0.54 -0.00279 0.15 

Fresnell 0.005113 0.67 0.0164* < 0.01 -0.00789 0.23 

Hilton East - - 0.0454* 0.04 -0.0219* 0.02 

Hilton West -0.00774* 0.03 -0.00841 0.17 -0.00141 0.70 

Brushy -0.000555 0.83 0.0334* < 0.001 0.00595* 0.04 

An asterisk (*) identifies significant results (p < 0.05).  
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Table 3. Timing of the onset of accelerated increase in algal abundance for individual study lakes 

relative to the onset of the GA (1945). Each column represents 10 years.  Proxies for 

algal abundance, β-carotene (B) and pheophytin (P) are plotted in the column(s) 

corresponding to the onset of the accelerated increases in pigment concentrations, 

calculated using segmented regression.  The shaded column represents the onset of the 

GA (Steffen et al. 2007) 

 

Decade 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 

HLong  B  P            

Barnett     B P          

Mushroom     BP           

F3       B         

Blackbird         BP       

Bland         B       

Fresnell            BP    

HEast            BP    

HWest                

Brushy                

 

List of Figures 

Figure 1. Location of 10 shallow, prairie lakes (grey triangles) in southern Alberta, Canada, 

sampled to examine evidence for, and timing of, eutrophication associated with the Great 

Acceleration.   

 

Figure 2. Trends in plant and algal abundance (β-carotene concentrations) in the study lakes 

between 1850 – 2008 based on fossil pigment analyses (solid lines) and trends in δ15N 

from isotope analyses (broken lines).  There were no isotope data for Hilton East or 

Barnett Lakes. 
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Figure 3. Trends in relative abundances of total cyanobacteria (echinenone; dotted lines) and 

purple sulphur bacteria (okenone; solid lines) in the study lakes between 1850 – 2008 

based on fossil pigment analyses.  Vertical lines mark the onset of the Great Acceleration 

in 1945.  

 

Supporting Information (S1): Historical weather and land use trends in southern Alberta. (a) 

Trends in annual temperature in southern Alberta from Calgary International airport. 

Maximum mean = annual mean of maximum daily temperatures, mean temp = annual 

mean of daily mean temperatures. Source: Environment Canada. (b) Trends in annual 

precipitation in southern Alberta from Calgary International airport. Total = total annual 

precipitation, Rain = total annual rainfall, Snow = total annual snowfall. Source: 

Environment Canada. (c) Long-term data for the area of land seeded in Alberta (ha) and 

the number of cattle reported on Alberta farms. Source: Statistics Canada. 
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